Nano-sized ZrC was prepared by combustion synthesis (CS) from Cu-Zr-C elemental powder mixtures.
Introduction
"Nano-materials", possessing 1-100 nm grain sizes, have attracted increasing interests due to their various unusual properties. [1] [2] [3] Various methods have been used to produce nanomaterials, such as inert gas consolidation, mechanical alloying, sol-gel process, vapor deposition, etc. [4] [5] [6] [7] [8] Among them, mechanical alloying (MA) is especially emphasized due to its simplicity, low cost and applicability to various classes of materials, and extensive works have been performed since nano-structured Al-Fe alloys produced by MA was reported in 1988. 9) Nevertheless, practical applications of MA materials are considerably limited for the difficulty of its consolidation and involvement of contamination during MA process. On the other hand, in recent years, as one of novel, effective and promising method to synthesize inorganic solids, combustion synthesis (CS) or self-propagating high-temperature synthesis (SHS) has received intensive interest owing to its low processing cost, relative simplicity of the equipment, higher purity of the products, and efficiency in energy and time. 10, 11) In the CS process, once the initial powder mixture is ignited by some external energy, a rapid high-temperature reaction wave propagates through the heterogeneous mixture in a self-sustained way resulting in the formation of the solid materials. Possibility of in situ consolidation and higher purity of the products lie in its important features superior to MA process. However, it is difficult to synthesize the nano-sized materials by the conventional CS process because the initial reaction medium is a heterogeneous powder mixture with particle sizes of several tens of micrometers and the reaction temperatures are high over 2 000 K. Nevertheless, it was found that nano-sized ZrC grains can be formed by the conventional CS from Al-Zr-C elemental powder mixtures. Primary results of studies on Al-Zr-C system have been reported in the previous paper. 12, 13) The present paper further reports the results of studies on Cu-Zr-C system especially in formation mechanism of the nano-sized ZrC.
Experimental Procedure
The starting materials are commercial powders of carbon black (in nano-size, Institute of Nonferrous Metals, Pekin, China), copper (99% purity, <6 μm in size, Institute of Nonferrous Metals, Pekin, China) and zirconium (98% purity, <38 μm in size, Institute of Nonferrous Metals, Pekin, China). The sample was prepared with zirconium and carbon powders at a ratio corresponding to stoichiometric ZrC and various percents of copper powder. The reactant powders were put into conventional stainless-steel pots using stainless-steel balls and the weight ratio of balls to powder mixtures was about 3:1. The powder mixtures were thoroughly mixed by a planetary ball miller for 2 h under the Ar atmosphere, and then were pressed into cylindrical compact (22 mm in diameter and 11 mm in height) by using a stainless steel die with pressures about 40 MPa to obtain about 65% relative density. The CS experiment was carried out in a glove-box chamber full of Ar protective atmosphere. A thermocouple was inserted into a hole drilled in the top of the compact with a half of depth and a tungsten arc igniter was installed under the compact. The CS reaction took place after a short time preheating with tungsten arc by supplying with a high current pulse (75 A). X-ray powder diffractometry (XRD) was performed using CuKα radiation source with 40 kV voltage and 100 mA current (Model D/ Max 2500PC Rigaku, Japan). Fractured microstructures were observed by field emission scanning electron microscopy (FE-SEM) (Model JSM-6700F, Japan). © 2011 ISIJ
Results and Discussion
When preheating is carried out for a few seconds, flashes and sparks were observed for all Cu-Zr-C compacts. This phenomenon means the samples being ignited and the selfpropagating reaction taking place. Figure 1 shows the XRD patterns of the reaction products with (a) free, (b) 10 wt.%, (c) 20 wt.% and (d) 30 wt.% Cu contents, respectively. The XRD result reveals that, when Cu content is in the range of 0-30 wt.%, only Cu and ZrC phase can be formed in the final product. It is suggest that ZrC ceramic phase can be insitu synthesized by combustion synthesis in Cu-Zr-C system. The diffraction peaks corresponding to Cu phase gradually become intensive with the increase of Cu content. It should be noted that there is no apparent diffraction peak corresponding to Cr-Zr intermediate compounds. On one hand, those phases are too slight to be obviously detected by XRD. On the other hand, in the Cu-Zr-C system, carbon black has a high reactivity for its non-crystalline and fine particle sizes and thus the conversion reaction of ZrC is sufficient during SHS processing. Figure 2 shows the FE-SEM images of the reaction products with (a) free; (b) 10 wt.%, (c) 20 wt.% and (d) 30 wt.% Cu contents, respectively. The ZrC particles are about 10 μm in size with an irregular block-like morphology in the case of free Cu addition; while in the case of 10 wt.% Cu addition, the ZrC particle size greatly decreased to nanometer order with a spherical morphology. Furthermore, the ZrC particle size decreased with increasing the Cu content to some extent. Figure 3 reveals the TEM image of ZrC particles produced by the SHS reaction with 30 wt.% Cu contents. The typical nearly spherical morphologies of ZrC particles about 100 nm can be observed, which further offers evidence of ZrC particles synthesized by SHS method. It needs to be explained why the ZrC particle size greatly decreased to nano-meter order after appropriate Cu addition. Figure 4 shows the temperature-time profile for the reaction process of 30 wt.% Cu-Zr-C elemental mixture. After preheating the compact for about 20 s at about 550 K, some solid-state reaction characterized by temperature-fluctuating took place, which indicates that preheating the compact can improve the reactivity of mixtures. It is necessary to preheat the compact to certain temperature in some CS systems. Subsequently, the temperature gradually increased to about 1 332 K and then decreased. It can be deduced that during this period, some solid-state reactions released some heat to 14) However, this process is merely temporary. Because the molten Cu provides an easier route for the interdiffusion between the powders, more Zr powders can spontaneously dissolve into the Cu melt and quickly diffuse. Finally, C particles spontaneously dissolved into the Cu-Zr melt and intensely reacted with Zr in the melt, thus resulting in the formation of ZrC phase in which a plenty of heat was liberated and the temperature abruptly increased (up to 2 216 K).
The combustion reaction in the Zr-C-Cu system can be expressed as:
where x denotes Cu content. As a diluent, Cu is one of key factors to control the theoretical reaction temperature, viz. adiabatic temperature Tad. If it is assumed that the reaction is homogeneous and the heat loss is negligible during the reaction, the standard state enthalpy balance equation could be formulated: 15) ................. (2) Where -ΔH298, Δ(HTad -H298)i and ni are the standard state enthalpy change of the reaction at 298 K, the molar enthalpy change of a component and the molar number of the component, respectively. Figure 5 shows the calculated adiabatic temperature Tad and the practical combustion temperature Tc, as a function of Cu contents. The calculated adiabatic temperature Tad quickly decreases with Cu contents increasing except for a plateau with about 10-30 wt.% Cu contents, where Tad stays at 2 848 K, corresponding to the boiling point of Cu. The appearance of plateau should result from the absorption of heat caused by the gasification of Cu, which is in favor of the formation of the nano-sized ZrC. While the Cu content is below 56 wt.%, the adiabatic temperature of the system is over 1 800 K, which meets the empirical criterion proposed by Merzhanov, 16) and the combustion wave front will self-sustainingly propagate through the entire reactant mixtures unless Tad ≤ 1 800 K once ignited by the external heat supply. However, the practical combustion temperature Tc is much lower than Tad due to the unavoidable heat loss.
In the case that some liquid is formed during CS, dissolubility of solid into liquid and/or liquid-solid reaction may take place and sizes of final products depend on the CS process. It is well known that rapid solidification can refine crystal grain but is very difficult to obtain nanostructured material even if the cooling rate is extremely high up to 10 6 K/s. In the case of CS, short process duration can lead to rapid cooling to some extent but the cooling rate is usually below 10 3 K/s. Therefore, it is almost impossible to obtain nanomaterials by the rapid solidification during CS.
In the previous paper, 12, 13) results of studies on CS from Al-Zr-C powder mixtures were reported, and the fractured microstructure of ZrC/Al synthesized by SHS with (a) 30 and (b) 40 wt.% Al addition are presented in Fig. 6 . With the increase in Al content, the combustion temperature decreased and the product ZrC gradually reduced in size from about 1.5 μm in 10 wt.% Al content to about 50 nm in 40 wt.% Al content. Reaction of C (carbon black in nanosize) and Al-Zr melt (liquid Al3Zr, melting point: 1 853 K) to form ZrC was revealed. It may be deduced that the product ZrC should not be smaller in size than the refractory nano-sized C due to its formation and growth based on the C particle. For the 40 wt.% Al specimen, difference between the combustion temperature (1 893 K) and the formation reaction temperature (1 853 K) of ZrC is just 40 K and dissolubility of C into Al melt is very low (about 1 at%) at this temperature. Such a less temperature gap and lower dissolubility of C may greatly inhibit the growth of ZrC, resulting in formation of ZrC particles as fine as nano-sized C. When the Al content decreases, the combustion temperature and dissolubility of C get higher and the product ZrC get coarser in size. For the 10 wt.% Al specimen, dissolubility of C into Al melt increased to about 18 at% at the combustion temperature (2 723 K) corresponding to the boiling point of Al.
In the case of present Cu-Zr-C system, however, nanosized ZrC was formed for specimens with Cu contents ranging from 10 to 30 wt.%. Size of product ZrC for 10 wt.% Cu-Zr-C specimen is about 100 nm, greatly lower than that (about 1.5 μm) of corresponding 10 wt.% Al-Zr-C specimen, in spite of their similar combustion temperature. The reason may be the great difference in dissolubility of C between Al and Cu. According to the binary Cu-C phase diagram, the dissolubility of C in Cu is limited and vice versa. 17) This is further supported by the fact that mutual solubility of Cu and C is low in combination with the absence of an intermediate compound. 17) Dissolubility of C into Cu melt is just about 0.2 at% at the combustion temperature. Therefore, it may be difficult for the product ZrC to grow up because of the lack of C supply. With the increase in Cu content, the combustion temperatures become lower and the dissolution of C into Cu liquid get lower, grains size of product ZrC get finer. Cu also served as a diluent to lower the combustion temperature. For growth of grains is an exponential function of the combustion temperature, 18 ) the more Cu additive, the lower combustion temperature, accompanied by short process duration, inhibit the formed ZrC particles from coarsening. For the 30 wt.% Cu specimen, combustion temperature (2 123 K) and dissolubility of C into Cu melt is lower (about 0.05 at.%) at this temperature. Such a smaller temperature gap and lower dissolubility of C may greatly inhibit the product ZrC growth, resulting in formation of ZrC particles as fine as nano-sized C.
As mentioned above, ZrC can also be obtained directly by combustion synthesis of Zr and C powder mixture, but the size of formed ZrC particles is about 10 μm rather than nano-size. For the Cu-Zr-C powder mixtures, the solidstate exothermic reaction between Cu and Zr lead to form Cu-Zr melt, then C powders spontaneously dissolved into the melt and react with Zr to form ZrC. 14) However, the low dissolubility of C into the melt may greatly inhibit the growth of product ZrC for lack of C, resulting in formation of ZrC particles in nano-size.
Conclusion
The nano-sized ZrC was formed by combustion synthesis (CS) from 10-30 wt.% Cu-Zr-C elemental powder mixtures. The ZrC particle size greatly decreased from about 10 μm with an irregular shape in free Cu addition to nanometer order with a nearly spherical shape in Cu addition ranging from 10 wt.% to 30 wt.%. With the increase in Cu content, the combustion temperatures become lower and the dissolution of C into Cu melt get lower, grains size of product ZrC get finer. It may be deduced that the product ZrC should not be smaller in size than the refractory nano-sized C due to its formation and growth based on the C particle. The very low dissolubility of C into Cu melt may greatly inhibit the growth of product ZrC, resulting in formation of ZrC particles as fine as nano-sized C.
